ABSTRACT: Mexandrium minutum (strain AM89BM) was grown in semi-continuous culture (0.2 volume d-l) in N-limiting (N03:P0, = 1.6 and 3.16), in P-Luniting (N P = 160 and 80), and in N-and P-balanced (N:P = 16) me&a. Daily supplies of limiting nutrients were taken up until exhaustion; most residual concentrations before renewal were near the detection limits. Samples were taken during 2 separate periods: Days 5 to 12 and 26 to 36. During both periods. cells grew at the real rates of 0.23 division d-' in the N:P balanced medium, while the growth rate was decreased in all N:P < 16 or > l 6 media during the first period, and only in the N:P = 1.6 medium during the second period. Cells grown in Nlimiting media contained 1/3 less PON and 1/2 less chlorophyll a than cells grown in the N:P balanced condition. The POP content per cell did not vary significantly. In contrast, P0N:POP ratios in cells grown in P-Limiting conditions were over 50. Thus, cells grown in the 2 N:P < l 6 conditions were nitrogen-deficient, whlle cells grown in N:P = 80 and 160 conditions were nitrogen-surfeit. The toxin content.in cells greatly changed according to the N:P regime. Cells grown at N:P balanced conditions showed an average total paralytic shellfish poisoning (PSP) content of 1.24 fmol ceY-' In N-limiting conations, cells contained ca 3 times less toxin, with mean values of 0.41 to 0.45 fmol cell-'. In contrast, cells grown in P-limiting conditions contained on average 3.5 and 7 times more toxins than under balanced N:P conditions; 4.31 fmol cell-' in the N:P = 160 medium and 8.01 fmol cell-' in the N:P = 80 medium.
INTRODUCTION
Human activities have significantly increased the input of nitrogenous and phosphorus nutrients to estuarine and coastal waters, while the silicon concentration has remained constant or has even decreased in river discharges as a result of large blooms of freshwater diatoms stimulated by the loading of nitrogen and along with increased eutrophication in coastal waters, N:Si and P:Si ratios have increased (Conley et al. 1993 , Ragueneau et al. 1994 , Rahm et al. 1996 , thus favouring the proliferation of organisms having little or no requirement for silicon such as flagellates and cyanobacteria (Sanden & HBkansson 1996 , Schollhorn & Graneli 1996 , Balode et al. 1998 , Dippner 1998 , Wasmund et al. 1998 . In addition to influencing species dominance and succession, nutrient ratios influence the biochemical composition of cells (Healey & Hendzel 1979 , Sakshaug et al. 1984 , Brzezinski 1985 , Flynn et al. 1993 ). This has thus led to the question of whether or not balanced or unbalanced nutrient avail-ability would also change the toxin production in toxic algae. Hence, enhanced production of the paralytic shellfish poisoning (PSP) toxins, saxitoxins, under phosphorus deficiency has been observed in both the Pacific dinoflagellate Protogonyaulax (Alexandrium) spp. (Hall 1982 fide Boyer et al. 1987 ) and the Atlantic species Alexandrium fundyense and A. tamarense (Anderson et al. 1990 ). In addition, Matsuda et al. (1996) demonstrated that both toxin content per cell and net toxin production rates decreased as the cell quota for nitrogen decreased in A. catenella under nitrogen deficiency.
In this study, we tested the influence of P-limiting and N-limiting conditions on the toxin content in Alexandrium minutum grown in semi-continuous culture.
MATERIAL AND METHODS
The clonal culture of Alexandrium minutum, strain AM89BM, was isolated from a temporary cyst in 1989 by Dr E. Erard-Le Denn from the Bay of Morlaix, Brittany, France, where PSP outbreaks have been observed since 1985. The stock culture was grown in a medium which is based on the F medium of Guillard & Ryther (1962) , except for the N:P ratio which was made equal to Redfield's (1934) value (16) and for iron which was added in the form of Fe-EDTA. Cells were collected in the upper layer of a 20 1 culture and transferred for 7 d in a medium with no addition of nitrogenous and phosphorous compounds. Depleted cells were again collected in the upper layer of the culture while obviously swimming.
Seawater for the preparation of the culture media was collected offshore (salinity 35) (French Atlantic coast), filtered on 0.22 pm cartridge (OpticapTM Cartridge, Millipore), then heated at 80°C for 10 min. After cooling, the Fe-EDTA solution and the metal and vitamin mixtures were added, plus 80 mg l-' NaHC03, in order to compensate for the loss of CC02. This enriched seawater was then aseptically filtered through a 0.2 pm membrane filter and distributed (4 1) into 5 1 polycarbonate preautoclaved bottles (Nalgene). Nitrogen and phosphorus were aseptically added, according to different treatments, by using autoclaved-sterile solutions.
Five N:P regimes were established, each in 5 replicates: phosphorus limitation (N:P = 160 and 80 with 60 pM NO3), balanced N and P condition (N:P = 16 with 60 pM NO3 and with 3.8 pM PO,), nitrogen limitation (N:P = 3.16 and 1.6 with 3.8 pM PO4). Then the depleted cells of Alexandrium minutum were inoculated; 2.73 X 106 cells in 150 m1 were added to each bottle, providing an initial concentration of 682 X 103 cells 1-'. The cultures were grown at 18 + 1°C, with a 16:8 h Lightdark photoperiod at 53 pm01 m-2 S-' irradiance from cool white fluorescent tubes.
The cultures were run as batch cultures for 5 d. Thereafter, a semi-continuous culture regime was established (0.2 volume d-l). For practical constraints (new water supply) the semi-continuous culturing was stopped from Day 14 to Day 23, and nutrients (N and P) were supplied (1.5-fold the initial concentrations in the N:P=16 condition, 2.3 times in the other conditions) in order to sustain growth in the batch regime for 1 wk; then, 2 l were removed from each culture and replaced by seawater, and after analysis of the nutrient concentrations, initial concentrations were re-established. On Day 23, the dilution rate was re-established. In practice, the experiment evolved as 2 successive experiments. Aftei establishment of the dilutisr, regime, ssKpling was delayed for 4 d, in order to allow the cell content to stabilise. On Days 9, 10, 11, 12, 27, 29, 33 and 36, the removed culture fractions were used for analyses. Subsamples for toxin analyses were taken in all these fractions; subsamples for biomass analyses were taken in all but 2 fractions: on Days 10 and 11.
Inorganic nutrient concentrations were measured immediately after sampling using manual protocols: nitrate, reduction to nitrite according to the protocol of Strickland & Parsons (1972) In vivo fluorescence was monitored with a 10 AU Turner Fluorometer (Brand et al. 1981) . Samples (2.6 ml) for Alexandrium minutum cell counting (Utermohl 1931) were fixed with acid Lugol's solution. Samples (18 ml) for bacteria counting were fixed with 2 m1 pH = 7 formalin; after addition of DAPI (Porter & Feig 1980) and filtration onto black 0.2 pm membrane Nuclepore filters, bacteria were counted with an epifluorescence microscope (Coleman 1980) . For estimation of biovolume, the DAPI-stained cells were photographed (Kodak Ektachrome 400; exposed as Iso 1600); a Leitz Dialux epifluorescence miscroscope fitted with a 100 X 1.25 objective was used. Photographs were projected onto a screen and cell dimensions were measured by comparison with a photograph of a calibrated micrometer. Cells were classified into spheres (volume = 4/3 IT r3) and rods (cylinders with hemispherical caps, volume = n r2 [L -2/3 r] ). The carbon content was estimated using a conversion factor of 2.2 X 10-l3 g C pm-3 (Bratbak & Dundas 1984). Chlorophyll a (chl a) (Yentsch & Menzel 1963 ) was determined after filtration through glass mlcrofibre filters (Whatman GF/F 0.7 pm equivalent), and extraction with 6 m1 pure methanol, at 4OC, for 1 h in the dark. Samples for par-ticulate organic carbon (POC) and particulate organic (HCl fumes, overnight) , and analysed by using a CHN analyser, model 1500 from Carlo Erba. Particulate organic phosphorus (POP) was collected on glass microfibre filters Whatinan GF/F initially washed in HCI 10% rinsed with deionized water, dried and combusted (450°C for 4h). After a wet-oxidation procedure with a persulfate digestion at 120°C (Pujo-Pay & Kaimbault 1994) phosphate concentrations in the digested sample were determined using an automated colorimetric technique on a Skalar Auto Analyser.
Cells for toxin analyses were collected by filtration onto precombusted glass microfibre filters Whatman GF/F, then stored at -20°C until analysis. Before extraction, filters were dried at 37'C for 48 h. Toxins were extracted with 1 m1 of 0.03 N acetic acid applying a probe sonicator (1 min); after centrifugation (10 min, 2980 X g), the supernatant was filtrated through a 0.45 pm nylon membrane filter. An aliquot of the 0.03 N acetic acid raw extract (150 pl) was mixed with hydrochloric acid (1.0 N, 37 p1) and heated in a sealed vial for 15 min to convert N-sulfocarbamoyl toxins into their related carbamoyl toxins. After cooling to room temperature, the reaction solution was neutralized with sodium acetate solution (1.0 N, 75 pl). The hydrolysed extracts were stored at -20°C until analysis, within a period not exceeding 24 h. Both the raw extracts obtained with 0.03 N acetic acid as well as the hydrolysed raw extracts were analysed in independent chromatographic runs, using a HPLC method recently described by Hummert et al. (1997) and then slightly modified by Yu et al. (1998) .
RESULTS
The respective daily supply of limiting nutrients was taken up until exhaustion: most residual concentrations of limiting nutrients in sampled cultures before refilling with new media were in the range of the detection limits. In the N:P = 16 condition, residual concentration of NO3 was also near the detection limit, whereas mean concentration of remaining PO,, though very low, was significantly higher than the detection limit.
In all cultures, during the initial batch period, the in vivo fluorescence increased quickly after inoculation, thus showing active growth. During the first semi-continuous dilution period, the in vivo fluorescence remained almost constant in cultures grown in the N:P = 16 treatment, while it decreased in all other cultures; the highest decrease occurred in the N:P = 1.6 cultures. During the second semi-continuous culture Altogether, the theoretical division rate (0.32 division d-l) was not sustained in any culture. In the N:P = 16 media, the growth rate was the highest and the same for both periods (Table 1) . During the first semi-continuous dilution period, Alexandrium minutum did not grow at all in the N:P = 160 medium, whereas its division rate versus that in the N:P = 16 medium was decreased from 43 to 30 % in the N:P = 80,3.16 and 1.6 media. During the second period, all populations grew at a rate ranging from 0.21 to 0.23 division d-l, except in the N:P = 1.6 condition, where the division rate was ca 2/3 slower.
Overall, the cell content greatly varied according to the N:P growth conditions, except for phosphorus, whereas differences between the first and second semi-continuous culturing periods were small. Cells growing in phosphorus-limited conditions (N:P = 80 and 160) contained 2 to 3 times more carbon and nitrogen and 2/3 more chl a than cells grown in N:P balanced conditions (Table 2 ). In contrast, cells which grew in nitrogen-linliting conditions (N:P = 3.16 and 1.6) contained 1/3 less nitrogen (Table 3 ) and 1/2 less chl a. On the other hand, the phosphorus cell content did not vary significantly between the different N:P medium conditions. 
DISCUSSION
In Alexandrium minutum grown in different N:P conditions, dunng the f~rst semi-continuous-cultunng period (Days 5 to 12; n = 10), the second semi-cont~n-D~~~~~ the first dilution period, the uous-culturing period (Days 26 to 36; n = 20), and both periods (n = 30) Numbers in parentheses are standard deviation growth rate of Alexandnum mlnutum was greatly reduced in the 4 N:P unbalanced media, with no growth at all in the more phosphorus-limited condition. During the second dilution period, the growth rate compared to that in the N:P = 16 condition was significantly reduced only in the more nitrogen-limiting condition. We have no hypothesis to explain these differences. Nevertheless, cell contents during the first and second periods were nat significantly different, except for
Toxin concentrations in cells are given in Table 4 . chl a. In the 2 phosphorus-limiting conditions, the chl a There were a few small differences between first and content per cell was lower during the first period than second semi-continuous culturing periods; hence, during the second one, while it was higher in the N:P comments will refer only to pooled results. For the balanced treatment, and not significantly different in total PSP toxins, cells grown under N:P balanced conthe nitrogen-limiting treatments (Table 2) . ditions (N:P = 16) showed a n average content of Since Redfield (1934) observed that N-NO, and 1.42 fmol cell-' (SD = 0.58, n = 34). At the 2 higher P-PO, are taken up by phytoplankton at a constant N:P ratios, the cell contents were 3.3 and 6.0 times atomic ratio of 16:1, it has been commonly accepted that higher than at the balanced N:P value, but the highvalues > l 6 would reflect P-limiting conditions and valest content was not recorded in the highest N:P treatues < 16 would reflect N -h t i n g condtions. Cells grown ment. In the medium N:P = 160, the toxin cell content in nitrogen-limiting conditions showed a reduced nitrowas 4.68 fmol cell-' (SD = 2.68, n = 31), whereas it gen content per cell with regard to that of cells grown at peaked at 8.62 fmol cell-' (SD = 3.38, n = 35) in the N:P = 16; the reduction was ca 2/3 (Table 3) . Moreover, N:P = 80 medium. At lower N:P ratios, the cell conthe mean PON contents we recorded for the 2 nitrogentents were altogether ca 3 times lower than at N:P = limiting conditions, 5.1 and 5.5 pm01 cell-', were very 16: 0.58 fmol cell-' (SD = 0.50, n = 35) for N:P = 3.16, close to the minimum nitrogen cell quota (sensu Droop and 0.42 fmol cell-' (SD = 0.27, n = 36) for N:P = 1.6.
1974) in Alexandnum minutum (-3 pm01 cell-') calcu-
In these 2 treatments, however, the toxin content per lated by Flynn et al. (1996) . Hence, we assume that cells cell was 2 to 4 times higher in cells grown during the grown in N:P 1 1 6 conditions showed both a growth rate second semi-continuous culturing period than during limited by the availability of external nitrogen and a the first one.
nitrogen-deficient cell content.
GTX2 was the most abundant toxin in cells grown
In contrast, the actual growth rate was significantly dein all treatments; it represented between 50 and 64 % creased in the 2 phosphorus-limiting conditions only of the total PSP content (Table 4) ; the lowest values, during the first period. In addition, the phosphorus conabout 50%, were recorded in the 2 media where was < l 6 , whereas were also lower in the 2 N-deficient media. The derivatives dcGTX2 and dcGTX3 showed opposite trends: the relative contents were higher in the 2 N:P 1 1 6 media than in the N:P = 16 and the 2 N:P > l 6 media. Altogether, GTX3 and dcGTX3, representing between 32 and 43% of the total PSP toxins, were less present in cells than GTX2 and dcGTX2. (1980) , who reviewed a large array of results, established that a P0N:POP ratio >43 (atom:atom) reflects a severe phosphorus deficiency in the cell composition. Accordingly, the mean values of Alexandrium minutum grown in P-limiting media, 50.3 (SD = 20.0, n = 30) and 61.7 (SD = 26.7, n = 30) (Fig. l) , would reflect a phosphorus deficiency in the cell content (sensu Healey & Hendzel1980). Both the carbon, nitrogen and chl a contents in cells grown in the phosphorus-limiting conditions were significantly higher than those in cells grown in the nitrogen-limiting conditions: roughly twice as much carbon, and 3 times more nitrogen and chl a (Tables 2 & 3) . Flynn et al. (1994) also observed that 'cells grown in low-N media had half the C content of those grown in the low-P media (0.6 vs 1.2 ng C cell-')' (equal to 50 and 100 pmol); that is almost exactly the difference we recorded: 82 and 168 pm01 C cell-' (mean values of the 2 N-and P-limiting treatments). Cells grown in the N:P balanced condition showed a carbon content similar to cells grown in nitrogen-limiting conditions, while their nitrogen and chl a contents were in between those of cells grown in phosphorus-or nitrogen-limiting conditions. Our values for cells grown in P-limiting media NO, PO, (atorn:atorn) tion of thecal-plate C from dead cells in our cultures. However, our cells also contained somewhat more chl a than those of Flynn et al. (1994) : from 2.5 to 8.7 and 1.5 to 7 pg cell-', respectively. According to Healey & Hendzel (1980) , a C:P >260 (atom:atom) reflects a severe phosphorus deficiency in the cell content, whereas a C:N >14.3 (atom:atom) would reflect a severe nitrogen deficiency. With regard to these values, cell contents of Alexandnum minutum grown under the 2 N:P < l 6 conditions should have
In contrast, the low toxin content (0.58 fmol cell-') been nitrogen-deficient, whereas contents of cells found in an Australian Alexandrium mlnutum strain grown under the 2 N:P > l 6 conditions should have grown on an N-limiting (N:P = 10) medium (Oshima et been phosphorus-deficient (Table 51 , (sensu Healey & al. 1989 ) was i : : the :azgc of our valces ~h t a i n e d in NHendzel 1980) . limiting conditions, but differed in toxin composition. Altogether, our results indicate that cells grown in Important variations of toxin content in cells of Alexanthe 2 N:P < l 6 conditions were in fact nitrogen-defidnum species have been repeatedly reported. Waning cient, while it is unclear whether contents of cells or loss of toxicity of wild Alexandnum spp. cells, when grown in the N:P = 80 and N:P = 160 conditions were isolated and cultured, is well documented (White 1986 , phosphorus-deficient in the full sense, namely that the Cembella et al. 1998). However, both strains of A. mincell metabolism was affected by a lack of phosphorus.
utum that Flynn et al. (1994) and w e used had been However, the content of cells grown in the high N:P cultured for several years prior to both experiments. media was skewed towards an accumulation of carbon Moreover, the link between ageing and toxicity in A.
and nitrogen. Accordingly, we conclude a minima that minutum is not quite clear. The most toxic strain for cells were 'nitrogen-surfeit'. Flynn et al. (1994) became almost non-toxic 3 yr after The toxin content in cells also greatly changed their experiments, in Swansea, while the formerly nonaccording to the N:P ratio. The mean toxin content we toxic strain became more toxic (Flynn pers. comm.) . In obtained in cells grown in the N:P balanced condition, contrast, in the same strains maintained in Vigo, the 1.24 fmol cell-' (SD = 0.32, n = 34), and the 2 mean values contents and compositions of toxins have not changed we recorded in P-limiting conditions, 4.31 fmol cell-' since their isolation (Reguera pers. comm.) . (SD = 2.52, n = 34) and 8.01 (SD = 2.96, n = 34) (Fig. 2) There is evidence for the genetic origin of variations fell into the range of the maximum value (5 fmol cell-') in content and composition of toxins between strains. reported, in similar high N:P conditions, for a weakly For instance, the geographic origin of such differences toxic Alexandnum mlnutum strain (ALZV), whereas in Alexandrium spp. strains has been emphasized. A another more toxic strain (ALlV) showed PSP contents northwards increase of cell toxicity in A. fundyense ranging from 15 to 40 fmol cell-' (Flynn et al. 1994) . and A. tamarense populations was reported along the north-western Atlantic coast (Maranda et al. 1985 , Anderson et al. 1994 ) and strains of A. tamarense and A. catenella from different regions of Japan exhibited the same pattern with different toxin contents and compositions (Kim et al. 1993) . There are no similar data available for A. minutum. However, some studies have reported dominance of GTXl and GTX4 in A. minutum from Australia (Oshima et al. 1989) , Galicia (Flynn et al. 1994 ) and the Balearic Islands (Forteza et al. 1998 ), whereas our strain showed dominance of GTX2 and GTX3 (Table 4) . Hence, variation of toxin composition in A. minutum is an open question. Phosphorus deficiency has been frequently reported to be associated with an increase in cell volume (Fuhs et al. 1972 ) and carbon content (Fuhs 1969) . Likewise, Flynn et al. (1996) showed that Alexandriurn minutum cells enlarged by up to 37 % during prolonged P-depri-NO, PO, (atomatom) vation. Even such changes in the cell volume could not explain the ca 20-fold higher toxin content in the N:P > 16 conditions compared to the N:P < l 6 conditions we recorded; 8.0 and 0.4 fmol cell-', respectively. Moreover, although the standard deviations are large, main values of the toxin content per carbon unit show the same trend; the lowest content in the N:P < l 6 condition was 6.5 fmol PSP nmol C-' (SD = 2.6, n = 27), whereas in the N:P = 16 condition it was 3.3 times higher with 21.8 fmol PSP nmol C-' (SD = 11.0, n = 27) and 9 times higher in the N:P > l 6 condition with 59.0 fmol PSP nmol C-' (SD = 28.0, n = 26). The possible accumulation of C from thecal plates is not likely to have biased the toxin per carbon unit calculat~on, since all cultures were gently shaken; thus the plates, if any, were eliminated at the same dilution rate than the motile cells. In addition, during the second period, in the N:P = 160 medium, cells grew at 0.22 division d-' whilst those growing in the N:P = 1.6 medium grew at 0.14 division d-'; hence, one would have expected to have more dead cells in the nitrogen-limiting media than in the phosphorus-limiting media, which was not observed. Therefore, we conclude that cells growing in high N:P media did indeed synthesise PSP toxins more actively. This finding differs somewhat from that of Flynn et al. (1994 Flynn et al. ( , 1995 , who reported that toxin synthesis and toxin content on a cell or biomass basis in Alexandn'un~ minutum declined during N or P deprivation. However, they also observed that P-stress followed by Nstress did not result in such a decline, and thus they concluded that phosphorus was implicated in the regulation of toxin metabolism. The different experimental designs might partly explain this discrepancy. In Flynn et al.'s (1994 Flynn et al.'s ( , 1995 experiments, A. minutum was grown in batch culture, in the presence of high initial NO3 and PO4 concentrations. All the highest toxin contents per cell were recorded in the early stages, when only a fraction of the nutrient reservoirs had been taken up. In contrast, during our experiments, cells exhausted daily the reservoir of the limiting nutrient in the culture media; at the time of all the cell harvests, concentrations of the limiting nutrients were below the detection levels. Altogether, as discussed above, we assume that A. minutum grew in conditions which led to either acute nitrogen-deficient or nitrogen-surfeit cells.
PSP toxins are nitrogen-rich molecules which might be synthesised as a by-product of surplus amino acids or nitrogen excess at large. As a result, phosphorus deficiency has been shown to increase greatly the cell toxin contents compared to nutrient-balanced or Ndeficient conditions, either in Alexandrium catenella (Matsuda et al. 1996 , Siu et al. 1997 , A. excavatun? (Levasseur et al. 1995) , A. fundyense (Anderson et al. 1990 ) and A. tamarense (Boyer et al. 1987 , Anderson et al. 1990 ), or Gyrnnodinium catenatum (Reguera & Oshima 1990 ). Hence, the increase in toxin contents has been attributed to a mechanism for storing the nitrogen excess (Reguera & Oshlma 1990) . Altogether, our results for A , minutum agree with mechanisms well-known for other toxic dinoflagellates.
